ABSTRACT: This research of the Segara Anakan Estuary, Java Island, Indonesia, is carried out with the aim of developing a salinity intrusion model and investigating the adaptation scheme to mitigate the impact of sea level rise. The study includes topography, water level and current velocity field data acquisition to provide the required information for modeling. The bathymetry data are obtained from secondary data. The model uses the Surface-water Modeling System (SMS) developed by the US Army Corps of Engineers. The flow model within the SMS (RMA2 module) results in current velocity distribution in the domain, which is validated by field data. The validated flow model is developed into a water quality model (RMA4 module). It is found that the current velocity and salinity trend is highly correlated with Citanduy River discharge, which at the lowest value, the tide is able to propagate over 10 km into the Citanduy River. The simulation period is until 2050, in which the results show a sea level rise of 23.2 cm (referred to 2018). The model also shows that the saline water moves farther inland in 2050, impacting a salinity increase of ~0.5-2.5 ppt along the Citanduy River. In 2050, with check dam protection, an area of ~16.16 km from the mouth of the Citanduy River is only able to yield 75% productivity from October to December. The top elevation of the check dam becomes the determining point for mitigation.
INTRODUCTION
Salinity intrusion is a natural phenomenon occurring at lands, estuaries and aquifers adjacent to the sea. The numerical modeling of salinity distribution has been intensely carried out around the world with various kinds of modeling tools [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, the case study of Liu et al. for the Tanshui River, Taiwan, offers the first quantitative estimation of the salinity changes due to human interference in the natural system [11] . In addition, modeling and in situ measurements have also been applied to study the salinity intrusion by Schoellhamer [12] .
This study takes place at the Segara Anakan Estuary, Java Island, Indonesia (see Fig.1 ). The Segara Anakan Estuary has a number of river mouths and two outlet channels, as shown in Fig.1 . During the spring tide and monsoon, the seawater inundates the surrounding coastal paddy farms, causing financial loss. In addition, many have hypothesized that sea level rise also leads to the increase of estuarine salinity, but the intensity and frequency still remain unanswered questions. Thus, the estuary demands special attention regarding the future threat of salinity intrusion.
The objectives of this research are to develop a salinity intrusion model and investigate the
Fig.1 Location of Segara Anakan Estuary
International Journal of GEOMATE, Jan. 2019,Vol.16, Issue 53, pp.9-17 adaptation scheme to mitigate sea level rise impact in the Segara Anakan Estuary. The change of estuary morphology over time, and many rivers flowing into this estuary make the Segara Anakan Estuary different from other estuaries. The model developed for the Segara Anakan Estuary is expected to be able to help understand the salinity intrusion mechanism and find out how to adapt to the salinity problem, especially in a tropical country, such as Indonesia.
FIELD DATA ACQUISITION

Primary Data
This study includes field data acquisition to provide the required data for numerical modeling. The conducted field data measurements are topography, water level and current velocity, with the field survey given in Fig.2 . The topography measurements use a Total Station and Waterpass, and a benchmark is installed to act as a reference for spatial and elevation data.
The water level and current velocity measurements are carried out using staff gauge observation and an Aanderaa current meter, respectively. The water level observation is carried out at a location denoted by a blue dot in Fig.3 . The measurements are carried out by recording the water level hourly for 15 d. The current velocity measurements are conducted at four locations, as shown by the red dots in Fig.3 . Each location current velocity is measured for 1 d, resulting in at least six data points.
Secondary Data
The bathymetry measurements are obtained from secondary data from the P3MI research program [13] . Fig.3 shows the covered area for bathymetry secondary data. The secondary data for the rainfall and watershed area are also used, with further processing using mock analysis to obtain the river discharges. The resulting river discharges are given in Fig.4 .
NUMERICAL MODELING
The modeling is carried out using the Surfacewater Modeling System (SMS) using two modules, RMA2 and RMA4. RMA2 is a two-dimensional depth-averaged finite element hydrodynamic numerical model that computes water surface elevations and horizontal velocity components for subcritical, free surface flow in two-dimensional flow fields [14] . RMA4 is a finite element water quality transport numerical model, in which the depth concentration distribution is assumed to be uniform [14] . The RMA2 and RMA4 are coded by the US Army Corp of Engineers. 
Model Setup
The modeling is designed in two stages, the global and local models. The domain and mesh of the global model are given in Figs.5 and 6, respectively. The domain covers the south coast of Java Island within the provinces of West Java and Central Java. The main interest area is in the red box in Fig.1, i. e., the Segara Anakan Estuary. The local model domain and mesh are presented in Figs.5 and 7, respectively. The domain covers a large water system connecting the west and the east sides of Nusakambangan Island. In the local model domain, there are four rivers connected to the estuary, namely, the Citanduy, Cibeureum, Cikonde and Klaces Rivers. The domain applies offline and online testing. The offline nesting is the transition from the global (larger domain) to local model (smaller mesh). The online nesting is the design of mesh size that is finer as it goes from the sea to the main area. The RMA2 hydrodynamic model produces a basic flow model forced by the tide and river discharges and is validated by the water elevation and current velocity obtained from field data measurements. The model is then developed into a water quality model, with the aim of simulating salinity distributions over the local domain. The hydrodynamic (RMA2) model uses global and local domains to obtain flow data, which are used in the water quality (RMA4) model. The RMA4 model uses only the local domain. The result of the RMA2 is the water level and current velocity in time and spatial variations. The RMA4 output data are the salinity in time and spatial variations.
The nodes of the global model boundary conditions are given in Fig.6 , noted as BC01 to BC12. The tidal boundary conditions are generated using Naotide [15] . The nodes of the local model boundary conditions are given in Fig.7 . The tidal boundary conditions are denoted as BCD01 to BCD10. The tidal boundary conditions for the local model are extracted from the results of the RMA2 global model at corresponding points along the boundary. In addition, the water elevation boundary conditions in the local model are also forced by the river discharges. There are seven rivers included in the local model, as shown in Fig.7 , denoted as Q1 to Q7. The main river is the Citanduy River, Q1.
The salinity input is only applied to the RMA4 model. For all the tidal boundary conditions, shown as red boxes in Fig.7 , the salinity values are set to be 35 parts per trillion (ppt), as they are the seawater salinity parameters. While for the river boundary conditions, shown as blue boxes in Fig.7 , the values are set to be 0 ppt (freshwater). The values are constant for the yearlong simulation.
Model Scenarios
In addition to the 2018 model, a model for 2050 is also constructed to study the impact of sea level rise. The value of sea level rise refers to the report of the Intergovernmental Panel on Climate Change 2013. The graph for these data is presented in Fig.8 [16] . This research uses the most pessimistic scenario, as seen in the chart, to present the worst of sea level rise scenario. The zero sea level is taken in the year 1700 and the sea levels in 2018 and 2050 are 36.6 and 59.8 cm, respectively, hence the rise is 23.2 cm.
For the adaptation and mitigation of the potential salinity intrusion caused by sea level rise, there are five check dams proposed to be built in the inlets of the Citanduy, Cibeureum, Cikonde and Klaces Rivers, with the locations given in Fig.9a . The check dams are designed to decrease the salinity propagation into the rivers. The dams are 1 The local water quality model includes four scenarios as follows: (1) 
RESULTS AND DISCUSSION
Model Validation
The local model is validated using water elevation and current velocity data from field data measurements, with the locations shown in Fig.3 
Model Results
To compare the current velocity for each scenario, velocity variations at point 5 are presented in Fig.12 for each model in 2018 and 2050. The time series graphs show that the velocity fluctuates periodically, which indicates that the river is still affected by ocean tides. It is also seen that the velocity differences range from 10-20 cm, where the existing model results in a higher velocity at any time. Considering the trend, the current velocity is highly correlated with the discharge of the Citanduy River. In December and August, the velocity hits the highest and lowest values and it is expected to be affected by the amount of discharge in the present month. Fig.13 presents the resulting spatial salinity variations for the existing scenario in 2018 for the low and high tide situations. It is found that the salinity that is over 30 ppt is located in the Segara Anakan Estuary and the value becomes lower as it goes further to the river. The salinity values in the Segara Anakan and Citanduy River are higher during high tide since a larger volume of seawater flows into the river. At the mouth of the Citanduy River, the salinity is 6 and 10 ppt during low and high tides, respectively. For the existing scenario in 2050, the salinity is 6 and 12 ppt, respectively. While for the check dam scenarios, in 2018 and 2050, the salinity at the Citanduy River mouth is 4 and 6 ppt during low and high tides, respectively. Overall, as the check dams exist, the current velocity and salinity in the Citanduy River decrease.
For the salinity comparison, the salinity variation at point 5 is given in Figs.14a and 14b for the model results in years 2018 and 2050, respectively. The check dam model results in a lower salinity than the existing model, with a 2-17 ppt difference. Similar to the current velocity data, the salinity variations are also closely related to the trend of Citanduy discharge. In August, the river discharge is at its lowest, thus the seawater propagates further into the river, resulting in higher salinity variations. In December, when the discharge is at the highest, the salinity variation trend declines.
As the data presented in Figs.12 and 14 show, the sea level rise scenario applied in the 2050 model shows a similar trend with the 2018 model and the effect of check dams is also similar. As seen in Figs.12a and 12b, the sea level rise does not influence the current velocity significantly. In Figs.14a and 14b , it is shown that the salinity at point 5 in the 2050 model is always higher than in 2018. The salinity increment at the points is ~1-2.5 ppt.
Potential Threat from Salinity Intrusion
Dominated by crops, the land use around the Citanduy River is certainly threatened by the potential rise of salinity propagation. The concentration level of water salinity defined as total dissolved salts (TDS) is classified into seven categories, as shown in Table 1 [17, 18] . Most crops are able to withstand the salinity level in slightly brackish water. However, as it goes to the brackish class, only certain crops can develop [19] . The higher salinity will result in crop failure. Particularly for paddy farms, the correlation between irrigation water salinity and crop yield potential is given in Table 2 [20] . Salinity below 1.28 ppt still allows a 100% result, whereas over 3 ppt cuts crop productivity by half.
The salinity variations at points 6, 7, 8 and 9 for the 2018 and 2050 models are given in Fig.15 . There are three lines defined in the graphs representing the salinity limits of paddy crops to result in 50%, 75% and 100% of total production.
The existing scenario in 2018 shows that the salinity goes over the limit of 50% yield in point 9 or for 16.16 km through the Citanduy River. In the check dam scenario in 2018, the yield can reach 100% at points 6 to 9; however, the salinity fluctuates from June to October as the river discharge is at its lowest. For model 2050, even with the check dam protection, points 6 to 9 will be no longer possible to support a full yield paddy crop along 16.16 km from the inlet, leaving only 75% productivity from October to December. As expected, without the check dam in 2050, it is might not be possible to farm along the riverside. From Fig.15 , it is also seen that the tide can propagate over 10 km into the Citanduy River when the river discharge is low (from July to October) as the salinity at point 8 fluctuates periodically with the same phase as the tide. The numerical modeling presents good agreement with the field data. The resulting tidal elevation agrees well with the field data. The check dam scenario results in a safer environmental condition than the existing scenario. The check dam prevents seawater from flowing into the river, thus the values of current velocity and salinity are lower at the upstream of the check dam. As for salinity, the value trend is closely related to the trend of Citanduy River discharge. In August, the river discharge is at its lowest, thus the seawater propagates further into the river, resulting in higher salinity variations. While in December when the discharge is at the highest, the salinity variations trend declines.
CONCLUSION
The model in 2050, which includes a sea level rise of 23.2 cm (with reference to the water level at the year 2018), shows that the saline water moves farther inland. However, the current velocity is not significantly affected, while the salinity is increasing 0.5-2.5 ppt along the Citanduy River. As the salinity increases, the crops in the surrounding riverbanks become vulnerable. Initially, in 2018, the check dam scenario can secure points 8 and 9 to support the crops and yield 100%, whereas in 2050 the paddy farms are only able to yield 90%. The existing scenario of the 2050 model (without check dam) shows that the salinity becomes very high as the river is no longer suitable for supporting farming activities. To further mitigate the salinity propagation to the land, it is necessary to consider a larger and more complex check dam system on the river. It is also found that the tide is able to propagate over 10 km into the Citanduy River when the river discharge is low (from July to October) as the salinity at point 8 fluctuates periodically.
The check dam can become an effective mitigation for the impact of seawater intrusion inland due to sea level rise. The top elevation of the check dam becomes the determining point in the mitigation.
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